Pathology induced by infection with the trematode *Schistosoma mansoni* is a product of the immune response to parasite eggs in host tissues. The resulting granulomatous lesions lead to fibrosis, which in turn can produce severe circulatory impairment of the affected organs. The process of egg granuloma formation is dependent on sensitized CD4^+^ T lymphocytes, with both Th1 and Th2 subsets participating at different times during the development of the lesions.

The granulomas forming around newly deposited eggs are maximal in size during the early, acute phase of infection and become smaller during the later chronic period of the disease. This regression in pathology has been attributed to immunoregulatory events affecting the T cell response to egg Ag, which also declines during the same period. A variety of different mechanisms have been implicated in the regulation of schistosome egg pathology. These include "suppressor" CD8^+^ T cells ([@B1]--[@B4]), cross-regulation by cytokines produced by Th1 or Th2 cells ([@B5]--[@B8]), and the development of antiidiotypic Ab or T cells ([@B9], [@B10]). All of the above regulatory pathways involve the participation of T lymphocytes, acting either directly or indirectly through their helper function for Ab synthesis, on the host effector response to eggs.

Although it is commonly assumed that the regulation of egg pathology is T cell mediated, the possible function of B lymphocytes in this process has until recently been difficult to directly assess. Early studies using mice depleted of B cells as a result of anti-μ chain Ab treatment suggested B lymphocyte involvement but were inconclusive because of the potential side effects of the injection of large quantities of xenogenic Ab ([@B11]). A more direct approach for assessing the regulatory role of B cells in schistosome pathology is now possible with the advent of mice genetically B lymphocyte--deficient as a consequence of disruption of the μ-chain locus ([@B12]). These animals have no detectable B cells or circulating Ab, yet display normal development of the T lymphocyte compartment. Moreover, in initial studies, we and others have shown that B cell--deficient mice (μMT strain)^1^ have normal antigen presenting function for priming of CD4^+^ T cells to most soluble protein Ag as well as unimpaired CD8^+^ T lymphocyte responses ([@B13]--[@B17]). Indeed, these knockout (KO) animals develop pulmonary granulomas indistinguishable from those in wild-type (WT) mice after intravenous injection of schistosome eggs and display comparable lymphokine responses to egg Ag ([@B13]).

In this report, we have studied the pathogenesis of schistosomiasis in μMT mice during natural infection. The goal of this work was to formally assess the role of B lymphocytes in both hepatic egg pathology and more importantly in the downmodulation of disease and T cell responsiveness occurring in late infection. Unexpectedly, these animals showed markedly exacerbated hepatic granuloma formation and fibrosis during acute infection and failed to downmodulate pathology during the chronic stage of the disease. Importantly, *S. mansoni*--infected FcR-deficient mice ([@B18]) displayed alterations in immunopathology identical to the μMT animals. In both cases the observed differences in liver pathology occurred independently of significant changes in T lymphocyte reactivity and cytokine production patterns. Taken together these findings reveal a previously unrecognized function for Ig/FcR signaling in the regulation of CD4^+^ T cell--mediated inflammatory responses.

Materials and Methods {#MaterialsMethods}
=====================

Experimental Animals, Infection Procedure, and Ag Preparation.
--------------------------------------------------------------

B cell-- deficient μMT mice originally derived on a 129 × C57BL/6 background ([@B12]), were backcrossed to C57BL/6 for seven generations and then intercrossed to generate homozygous B cell KO animals. The mice were both bred and maintained at the American Association for Accreditation Laboratory animal care facility of National Institute of Allergy and Infectious Diseases. To rule out possible effects of 129 background genes, most experiments were repeated using μMT mice backcrossed to the C57BL/10 background for 12 generations. The latter B cell--deficient and C57BL/10 control mice were shipped from a specific pathogen-- free animal facility at Taconic Farms (Germantown, NY). The μMT mice on the C57BL/6 and C57BL/10 backgrounds gave indistinguishable results in all the assays performed. The experiments shown are those performed with C57BL/6 μMT animals. Mice genetically deleted for the FcR γ subunit were derived as previously described ([@B18]) and backcrossed for 12 generations to C57BL/6J. WT C57BL/6 mice purchased from Charles River Laboratories (Wilmington, MA) and The Jackson Laboratory (Bar Harbor, ME) were used as B cell-- and FcR-sufficient controls, respectively. Age- (8--12 wk) and sex-matched mice were used in each experiment.

*S. mansoni* cercariae, a Puerto Rican strain (Naval Medical Research Institute), were obtained from infected *Biomphalaria glabrata* snails (Biomedical Research Institute, Rockville, MD). Mice were infected by percutaneous exposure of the tail to 35 cercariae unless otherwise indicated. A soluble extract of schistosome eggs (SEA) was prepared as previously described ([@B19]).

Parasitological Measurements.
-----------------------------

Adult worms were enumerated by hepatic perfusion of mice at 6 or 8 wk after infection ([@B20]). Tissue egg counts were performed on liver and intestines digested in 4% potassium hydroxide. Excreted eggs were counted in stool samples collected from individual mice for 24 h immediately before perfusion.

Assessment of Egg Pathology.
----------------------------

Granuloma diameters were measured in histological sections stained with Litt\'s modification of the Dominici procedure using an ocular micrometer and the volume of each lesion was calculated assuming a spherical shape. Mean granuloma sizes were then computed for each mouse from measurements performed on ∼30 granulomas per animal. The percentage of eosinophils in the same granulomas was estimated by microscopic examination. Liver collagen levels were determined by chemical measurement of hydroxyproline as previously described ([@B21]). The statistical significance of differences in granuloma volumes and eosinophil levels between animal groups was evaluated using Student\'s two-tailed *t* test and differences in fibrosis by analysis of covariance.

Cell Proliferation and Cytokine Assays.
---------------------------------------

Single-cell suspensions of spleens from individual mice were prepared and RBC lysed by osmotic treatment. Mesenteric lymph node cell suspensions were pooled from four to six animals per group. All in vitro assays involved culturing of cells in RPMI 1640 medium supplemented with 10% FCS, 2 mM glutamine, 100 U/ml penicillin, 100 μg/ ml streptomycin, 25 mM Hepes, 1 mM sodium pyruvate, nonessential amino acids, and 50 μM 2-ME at 37°C in 5% CO~2~.

Proliferative responses to SEA were assayed at 8 and 16 wk after infection by exposing splenocytes (3 × 10^6^/ml) from individual B cell KO and WT animals to graded concentrations of the Ag preparation in 200 μl in 96-well flat-bottomed microtiter plates. After 48 h of incubation, \[^3^H\]TdR (0.5 μCi/well, New England Nuclear Corp., Boston, MA; sp act: 2 Ci/mmol) was added and incorporation of the isotope was measured 18 h later. The stimulation index was calculated as the ratio between the \[^3^H\]TdR incorporated in the presence and absence of SEA.

To measure cytokine secretion, mesenteric lymph node cells (2 × 10^6^/ml) were cultured in 24-well plates in 1 ml volumes and exposed to medium alone, 2.5 μg of plate-bound anti-CD3 mAb (145-2C11; PharMingen, San Diego, CA), or SEA (20 μg/ml) for 72 h. IFN-γ, IL-5, and IL-10 were measured in culture supernatants by specific sandwich ELISA ([@B22], [@B23]). Cytokine levels were calculated by reference to standard curves prepared with known amounts of recombinant cytokine. IL-4 was assayed in culture supernatants using the IL-4--dependent cell line CT.4S as previously described ([@B24], [@B25]). Proliferation of CT.4S cells was quantified by measuring \[^3^H\]TdR incorporation, and the amount of cytokine in supernatant was determined by comparison to proliferation induced by known amounts of rIL-4 (Genzyme Corp., Boston, MA).

Reverse Transcriptase PCR Detection of Cytokine mRNAs.
------------------------------------------------------

Equivalent specimens of liver tissue from uninfected and infected animals were homogenized in 1 ml RNA STAT-60 using a tissue polytron (Omni International, Waterbury, CT) and total RNA was isolated as recommended by the manufacturer. The RNA was resuspended in diethylpyrocarbonate-treated water and quantitated spectrophotometrically. A reverse transcriptase PCR procedure was performed as previously described ([@B26]) to determine relative quantities of mRNA for IL-4, IL-5, IL-10, and IL-13. The amplified DNA was analyzed by electrophoresis, Southern blotting, and hybridization with cytokine-specific probes. The primers and probes have been previously published ([@B26], [@B27]). The chemiluminescent signals were quantified using a 600 ZC scanner (Microtek International, Torrance, CA). The amount of PCR product was determined by comparison of signal density to that of standard curves generated from simultaneously amplified dilutions of cDNA obtained from samples with a high amount of specific cytokine mRNA. Fold increases for individual samples were calculated as the reciprocal of the equivalent dilution of control cDNA from uninfected mouse liver. Amplification of hypoxanthine-guanine phosphoribosyl transferase served as an internal control for the amount of RNA and cDNA from each sample.

Results {#Results}
=======

B Cell KO Mice Show Normal Susceptibility to Schistosome Infection but Decreased Survival.
------------------------------------------------------------------------------------------

In initial experiments, μMT and C57BL/6 WT control animals were percutaneously exposed to different infecting doses of cercariae, and the recovery of adult parasites as well as tissue egg burdens were measured 6--8 wk later. As shown in Fig. [1](#F1){ref-type="fig"}, *A* and *B*, the KO and WT mice were quantitatively indistinguishable in terms of both worm and tissue egg recovery, indicating that neither B cells nor Ab influence the development of *S. mansoni* during primary infection. Nevertheless, when compared to WT animals, the infected μMT mice showed significantly decreased fecal egg excretion (Fig. [1](#F1){ref-type="fig"} *C*), a parameter that measures the transit of parasite ova into the gut. The latter observation is consistent with previous studies, suggesting a role for Ab in facilitating the transport of eggs through intestinal tissue to the gut lumen ([@B28]).

Despite their unaltered parasite burdens, the μMT mice showed decreased survival during the chronic stage of infection with approximately half the animals dying before week 16 (Fig. [2](#F2){ref-type="fig"}). Upon autopsy, the μMT mice that succumbed showed extensive hemorrhaging into the gut lumen, a sequela which is only rarely observed in WT animals.

Exacerbated Egg Pathology in μMT Mice during Acute Infection.
-------------------------------------------------------------

When hepatic granuloma volumes were compared in B cell KO versus WT mice at 8 wk after infection, a significant difference in the tissue response to schistosome eggs was noted (Fig. [3](#F3){ref-type="fig"}, *top left panel*). The B cell KO animals developed lesions that were on average 42% larger than those in the infected control group. Although clearly bigger in size, the granulomas in the μMT mice showed no obvious differences in their cellular composition when compared to those occurring in the WT animals. In particular, the granulomas in both types of animals displayed comparable levels of eosinophils (Fig. [3](#F3){ref-type="fig"}, *bottom left panel*). The latter parameter is usually dependent on the synthesis of IL-5 ([@B29]), a major product of the Th2 response.

Downmodulation of Egg Pathology Is Absent in Chronically Infected μMT Mice.
---------------------------------------------------------------------------

As infection proceeds to the chronic stage, newly formed granulomas become smaller in size ([@B30]). As shown in Fig. [3](#F3){ref-type="fig"} (*top panels*) and Fig. [4](#F4){ref-type="fig"}, this process of downmodulation of immunopathology was found to be defective in B cell KO animals when examined at 16 wk after infection. Granuloma volumes in μMT mice at this stage remained at the same increased size as was detected at 8 wk of infection but were now twice the magnitude of the granulomas in chronically infected WT mice. In agreement with previous observations, the percentage of eosinophils in granulomas from WT animals was significantly diminished at 16 versus 8 wk after infection. A similarly significant, although smaller decrease in eosinophil content was observed as infected KO mice proceeded from the acute to the chronic phase (Fig. [3](#F3){ref-type="fig"}, *bottom panels*).

Increased Hepatic Fibrosis in Infected μMT Mice.
------------------------------------------------

Tissue fibrosis is the major pathologic sequela of schistosome egg granuloma formation. At 8 wk after infection, the livers from B cell KO mice showed a small but significant increase in hydroxyproline levels, a chemical measure of collagen deposition (Fig. [5](#F5){ref-type="fig"}, *left panel*). This difference in tissue fibrosis was further accentuated at the chronic stage, when the livers from the infected μMT mice displayed almost twice the hydroxyproline levels as those observed in the same tissues from WT animals (Fig. [5](#F5){ref-type="fig"}, *right panel*). Thus, in the absence of B cells, both granuloma formation and fibrosis are markedly increased at both the acute and chronic phases of schistosome infection.

Despite their Augmented Egg Pathology, Infected μMT Animals Exhibit Unaltered T Cell Responses.
-----------------------------------------------------------------------------------------------

*S. mansoni* egg granuloma formation is known to be dependent on CD4^+^ T cells and the lymphokines they produce. Therefore, we examined whether the exacerbated pathology observed in infected μMT mice is reflected in enhanced T cell reactivity. When examined during the acute phase (8 wk after infection), spleen cells from μMT mice mounted proliferative responses to SEA that were slightly but insignificantly lower than those measured in WT animals over a wide dose range (Fig. [6](#F6){ref-type="fig"}, *left panel*). As expected, proliferative responses in WT mice declined when the infection reached the chronic phase (Fig. [6](#F6){ref-type="fig"}, *right panel*). Nevertheless, a similar and even greater suppression of lymphocyte blastogenesis occurred in the chronically infected μMT mice despite their augmented granuloma volumes and fibrosis.

The CD4^+^ T cell response to schistosome eggs is associated with a cytokine production profile dominated by Th2 lymphokines. This response peaks at 8 wk after infection and diminishes thereafter. To investigate whether the exacerbated pathology in μMT mice is associated with aberrant cytokine production, mesenteric LN cells from infected KO and WT animals were stimulated in vitro with SEA or anti-CD3 mAb and IL-4, IL-5, IL-10, or IFN-γ levels measured in 72-h culture supernatants. At 8 wk after infection, LN from μMT mice produced high levels of all four cytokines when triggered with anti-CD3, and in comparison with WT animals showed no obvious defects in responsiveness (Fig. [7](#F7){ref-type="fig"}). When stimulated with SEA, the same cells produced a Th2-dominated cytokine profile with only trace levels of IFN-γ. These Ag-specific responses were comparable in the infected μMT and WT mice except in the case of IL-4 and IL-10, where lower cytokine production was observed in the KO animals. In the case of IL-4 secretion, the difference between the KO and WT animals was statistically significant. By the chronic stage of infection, anti-CD3--induced IL-4, IL-5, and IL-10 responses were decreased in both WT and μMT mice, whereas IFN-γ production was unaltered. Similarly, upon SEA stimulation of the same cells, diminished production of IL-4, IL-5, and IL-10 was observed with IFN-γ remaining at trace levels. Although greatly reduced in both groups of animals in comparison with 8-wk infected mice, SEA-induced IL-4 secretion was again significantly lower in the B cell KO versus WT animals (Fig. [7](#F7){ref-type="fig"}).

In Situ Cytokine Expression in Infected μMT versus WT Animals.
--------------------------------------------------------------

Because the results of the LN cell cytokine secretion assays suggested that egg-induced IL-4 and IL-10 responses are partially impaired in μMT mice, we carried out additional experiments to test whether the same differences in the expression of these cytokines are evident in the liver, the major site of granuloma formation. The latter analysis was performed by reverse transcriptase PCR measurement of the cytokine mRNAs in liver tissue in uninfected and acutely and chronically infected KO and WT mice. As shown in Fig. [8](#F8){ref-type="fig"}, at the acute stage of infection mRNA levels for the Th2 cytokines IL-4, IL-5, IL-10, and IL-13 were comparable in the two groups of animals. Moreover, as expected, the expression of these cytokine mRNAs was decreased at the chronic stage with the exception of IL-10, which increased in the KO but not in the WT animals. The above data argue that the exacerbated egg pathology in μMT mice is unlikely to be the result of an aberrant Th2 cytokine production, and taken together with the in vitro culture findings suggest that the failure of these animals to downmodulate granuloma formation is not due to impaired downregulation of T cell responses.

FcRγ-deficient Mice Display Defects in the Regulation of Schistosome Egg Pathology Similar to those Observed in B Cell-- deficient Mice.
----------------------------------------------------------------------------------------------------------------------------------------

The above observations on *S. mansoni* infection in μMT mice pointed to an important role for humoral immune response in the regulation of egg pathology. To both confirm the involvement of Ab and determine whether Fc receptor interactions are required for Ab regulatory activity, we analyzed schistosome immunopathology in FcR γ chain KO mice. These animals possess a normal B cell compartment, but due to the deletion of the gene encoding the common FcR γ chain fail to express FcγRI, FcγRIII, and FcεRI, the major cell surface receptors involved in positive Fc-mediated triggering ([@B18]). As shown in Figs. [9](#F9){ref-type="fig"} and [4](#F4){ref-type="fig"}, infected FcRγ KO mice, in common with B cell KO animals, displayed enhanced hepatic granuloma formation during the acute phase of infection, and importantly failed to downmodulate this response during the chronic stage of disease. Moreover, tissue fibrosis was also augmented in chronically infected FcRγ KO animals (Fig. [9](#F9){ref-type="fig"}, *lower right panel*). As observed in B cell KO mice, FcRγ KO and WT mice developed comparable levels of tissue eosinophilia at 8 and 16 wk after infection (Fig. [9](#F9){ref-type="fig"}, *lower left panel*, and data not shown). Moreover, no significant differences were observed between the two mouse strains when IL-4, IL-5, and IL-10 responses of spleen or mesenteric LN cells to SEA and anti-CD3 were measured in vitro (data not shown). Together these findings indicate that in terms of tissue pathology induced by schistosome infection, B cell-- and FcRγ-deficient mice share a common phenotype. Nevertheless, in contrast to the findings with μMT mice, FcRγ KO animals showed no significant decrease in fecal egg excretion (eggs/worm pair/day) at 8 wk after infection (112 ± 16 for WT \[n = 15\] versus 91 ± 12 for FcRγ KO \[n = 13\]), nor did they display enhanced mortality throughout the period of the experiments (data not shown). The latter observations suggest that the decreased egg excretion and increased mortality observed in μMT mice are due directly to the absence of B cells or their products but operate via mechanisms that are independent of FcR signaling events.

Discussion {#Discussion}
==========

In this study we demonstrate that B cell--deficient mice as well as animals lacking the common FcR γ chain develop exacerbated egg pathology during both acute and chronic infection with *S. mansoni* and fail to display the downregulation in granuloma formation typically observed in WT animals. Surprisingly, this augmented pathology occurs in the absence of any appreciable change in T cell proliferative response or shift in Th1/Th2 balance even though egg-induced inflammation is known to be a CD4^+^ T cell-- dependent host reaction. Thus, it appears that Ig/FcR interactions play a major regulatory role in the pathogenesis of experimental schistosomiasis mansoni independent of the level and quality of T cell responsiveness.

When quantitatively infected with *S. mansoni*, μMT mice gave the same adult worm and tissue egg recoveries as WT animals (Fig. [1](#F1){ref-type="fig"}). These findings confirm previously published results involving anti--μ treated mice, indicating that worm development and egg deposition during primary infection are not significantly influenced by the host Ab response ([@B11], [@B32]). Nevertheless, our data do not agree with two prior and themselves conflicting reports indicating that in the absence of IgE worm recoveries are either decreased ([@B33]) or increased ([@B34]) versus control animals. At present the explanation for the observed discrepancy amongst these and our results is unclear, although in the case of our experiments we can definitively exclude the possibility of a residual Ab response of IgE or any isotype in the B cell-- deficient animals. Interestingly, however, infected μMT, but not FcRγ KO, mice differed from control animals in displaying a marked reduction in the number of eggs excreted into the feces. The latter finding is consistent with previous reports indicating that Ab facilitate the transport of eggs across the intestinal wall into the lumen ([@B28]) and suggest that FcR interactions involving FcγRI, FcγRIII, and FcεRI are not required for this process. Together the data support the hypothesis that the Ab response, rather than limiting worm development, plays an important physiological role in the maintenance of the parasite life cycle.

Another aspect in which infected μMT differed from both WT and FcRγ KO animals was in the increased mortality of the former strain. This pathologic consequence of B cell deficiency, which is associated with hemorrhaging into the gut, is at present poorly understood. It is unlikely to be the cause of the observed exacerbation of hepatic pathology, since that phenomenon was demonstrated in survivors that did not display obvious intestinal pathology as well as in the infected FcRγ KO mice that failed to exhibit significant mortality. One possibility is that in WT (as well as FcRγ KO) animals, Ab produced against endotoxins protect the host against toxic inflammatory responses triggered by gut bacteria that, in the setting of the intestinal alterations induced by schistosomiasis, lead to increased mortality in individual mice ([@B35]).

The most striking effects of B cell and FcRγ deficiencies in *S. mansoni* infection occurred at the level of the downmodulation of hepatic pathology. A large volume of previous work has indicated that the intensity of the host response to schistosome eggs diminishes with the length of the infection. In mice this immunomodulation is evidenced by the decreased size of newly formed granulomas in chronic disease, a phenomenon that has been closely linked to a concomitant decline in T cell responsiveness to egg Ag. A variety of different mechanisms have been proposed to explain the downmodulation of granulomatous hypersensitivity in schistosomiasis, all of which involve active suppression of T cell function. The most extensively investigated mechanisms have been those involving downregulation by CD8^+^ suppressor cells ([@B3], [@B4], [@B9]) or inhibitory cytokines produced by cross-regulatory CD4^+^ Th cells ([@B4], [@B6]--[@B9]). However, recent experiments studying the modulation of schistosome pathology in gene KO mice argue against a requirement for either of these pathways. Thus, mice lacking functional CD8 activity ([@B36]) or the major cross-regulatory cytokines IFN-γ ([@B36]) or IL-10 ([@B36a]) display normal downmodulation of both pathology and T cell responsiveness. The latter findings support the involvement of a previously unappreciated mechanism in the immunoregulation of the granulomatous response.

The present study reveals that B cells may provide a crucial activity necessary for the downmodulation of schistosome egg pathology. The observed failure of these mice to downregulate granuloma formation is in fact consistent with several previous observations. First, it is clear that in both mice and humans Ab titers to parasite Ag increase substantially as the infection moves from the acute to the chronic stage ([@B37], [@B38]) and that in the murine model this change is reflected in an expansion in the number of B cells present in the granulomatous lesions themselves ([@B39]). Secondly, we have previously observed that mice rendered B cell deficient by treatment with anti-μ sera also develop larger granulomas which are not downmodulated ([@B11]). However, these experiments were uninterpretable because of the known peripheral effects of anti-μ treatment on T cell responses ([@B40]).

Surprisingly, although downmodulation of egg pathology was absent in μMT mice, normal downregulation of T cell proliferative and lymphokine responses was observed in the same animals. This finding provides striking evidence for a dissociation of the two phenomena and argues against a direct causal relationship. Interestingly, the absence of B cells also resulted in elevated granuloma formation during the acute stage of infection as well as enhanced fibrosis (collagen deposition) at both of the time periods analyzed. Again, the in vitro responses of mesenteric LN cells measured during the acute phase in B cell--deficient mice closely resembled those observed in WT animals with the exception of a decrease in the levels of IL-4 and IL-10 produced. This finding is reminiscent of previously reported results on *S. mansoni* infection in B cell--deficient (JHD) mice ([@B41]), in which decreased IL-4 and IL-10 production in vitro was also described at 7.5--8 wk after infection ([@B42]). No analysis of the chronic stage of disease or tissue fibrosis was performed in that study. Nevertheless, the results reported do diverge from those presented here in that no difference in granuloma size was detected between KO and WT animals in acute infection, a discrepancy that could relate to different genetic backgrounds or types of B cell-- deficient mouse strains used ([@B13], [@B43]). Furthermore, in the case of our experiments, the observed differences in cytokine production between acutely infected WT and μMT did not reflect a wholesale switch to a Th1 cytokine pattern, since the amounts of both IFN-γ and IL-5 protein secreted in vitro were indistinguishable in the two strains, as were the levels of IL-4, IL-5, IL-10, and IL-13 mRNAs expressed in liver tissue. IL-12, which has been previously demonstrated to suppress hepatic pathology when administered exogenously ([@B44]), was not measured in these experiments because it is only minimally expressed endogenously in schistosome infected mice ([@B44], [@B42]).

Because our findings clearly indicated a role for B cells in the downmodulation in liver pathology occurring in chronic infection, we went on to address possible mechanisms. The major immunoregulatory products of B cells are likely to be either immunoglobulins or cytokines. In the case of cytokines, B lymphocyte--produced IL-10 has been proposed as a mediator of granuloma downmodulation by Vellupillai and Harn ([@B45]), who demonstrated the induction of such a response by schistosome carbohydrates in vitro. This mechanism is unlikely to explain the effects of the lack of B cells on egg pathology, since IL-10 mRNA expression in liver was found to be increased rather than diminished in chronically infected μMT mice. Moreover, recent studies ([@B36a]) indicate that IL-10 KO mice undergo normal downmodulation of granuloma formation in late *S. mansoni* infection. Thus, although it is impossible at present to exclude the role of other cytokines produced by B cells, it is highly likely that Ab themselves are the B cell products responsible for immunoregulation. This conclusion is supported by the results of preliminary experiments in which sera from chronically infected WT mice transferred a reduction in granuloma size to acutely infected μMT animals (data not shown).

There are two obvious mechanisms by which Ab could control the granulomatous response to schistosome eggs: by neutralizing egg derived inflammatory molecules, or by triggering the production of antiinflammatory mediators from FcR^+^ cells. The involvement of the latter pathway is strongly suggested by our observation that FcRγ-deficient mice display a nearly identical phenotype to B cell--deficient animals in terms of augmented tissue pathology and the failure to downmodulate granuloma formation during chronic infection. Additionally, infected FcRγ-deficient mice showed no evidence of aberrant T cell function (data not shown). FcRγ-deficient mice do not express the major cell surface receptors involved in Ig binding and cell signaling (FcγRI, which preferentially binds IgG2a; FcγRIII, which binds the immune complexes formed with the Ab of most IgG isotypes; and FcεRI, the high-affinity receptor for IgE). At present, it is unclear which of these three FcRs participate in the immunoregulatory pathway responsible for the downregulation of granulomatous pathology. Because IgG2a Abs are only marginally induced in mice chronically infected with *S. mansoni*, the involvement of FcγRI is unlikely. Instead, as the dominant isotypes observed in such animals are IgG~1~ and IgE, FcγRIII and FcεRI are more likely to play a role. Interestingly, we have recently demonstrated that during the acute stage of *S. mansoni* infection, FcεRI-deficient mice ([@B46]) also show increased egg pathology ([@B47]), suggesting that FcεRI is one of the receptors involved. Because chronic granuloma formation was not evaluated in that study, it is unclear whether FcεRI is also important for downmodulation. Experiments are in progress in which we are systematically comparing egg pathology in *S. mansoni*--infected FcεRI-, FcγRII- ([@B48]) and FcγRIII-deficient mice ([@B49]) in order to evaluate the contribution of each receptor.

Regardless of the particular FcR that mediates the regulatory response, it is clear from data reported here that the humoral Ab production can influence granulomatous pathology independent of detectable effects on CD4^+^ T cell responsiveness. Possible mediators of this antiinflammatory effect include prostaglandins, phospholipase A, and TGF-β. Interestingly, histamine, which is normally associated with the induction of inflammation, has been shown in previous studies to play a downregulatory role in acute schistosome granuloma formation ([@B50]) and is therefore an important candidate for an FcR induced pharmacological mediator of this process. Inherent in these earlier findings as well as in those reported here is the seemingly contradictory concept that FcR-dependent responses that in most settings mediate inflammation ([@B51]) can in other contexts be antiinflammatory. In the case of the schistosome infection model studied here, the context is that of a CD4^+^ T cell--dependent granulomatous tissue reaction. It remains to be seen whether other cell-mediated tissue responses may be negatively regulated through the same humoral mechanism. Interestingly, B cell--deficient mice have been reported to display exacerbated inflammatory responses to myelin basic protein ([@B52]), suggesting that this pathway could also contribute to the regulation of autoimmune tissue pathology.
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![Worm and tissue egg recoveries in *S. mansoni*--infected WT and B cell--deficient μMT mice. (*A*) The absence of B cells does not affect worm burden during primary infection. Adult worms were recovered after hepatic perfusion of infected WT (*black bars*) and B cell KO (*gray bars*) animals killed at 6 (challenge with 100 cercariae) and 8 (challenge with 40 and 25 cercariae) wk after infection. Data shown are mean parasite counts (± SEM) of six to nine animals per group. (*B*) Worm fecundity is unaltered in infected μMT mice. Egg output per worm pair was calculated for individual infected WT or B cell KO mice at 8 wk after infection from the total number of eggs recovered from the liver and intestine. The results shown are the means (± SEM) of data pooled from three experiments in which mice (n = 14/group) were infected with 35 cercariae. (*C*) Diminished egg excretion in infected B cell KO mice. The number of eggs excreted in the stools collected from individual 8-wk infected WT and B cell KO mice during the 24 h before perfusion was determined. The data shown are the mean (± SEM) egg count values pooled from the same three experiments presented in *B.*](JEM971870.f1){#F1}

![Enhanced mortality in *S. mansoni*--infected μMT mice. Groups (n = 10) of WT and KO mice were infected percutaneously with 30 cercariae and animal survival was monitored. The hatched line indicates the 50% survival time point for B cell KO animals. As indicated, no mortality was observed in infected WT animals during the same period. The two experiments shown are representative of four performed.](JEM971870.f2){#F2}

![Augmented egg granuloma formation in livers of *S. mansoni*-- infected μMT mice. Upper panels: mean liver granuloma volumes of individual infected animals at 8 (*left panel*) and 16 wk of infection (*right panel*). Granuloma diameters were measured (∼30 per mouse) and mean lesion volumes were calculated for each animal and presented as a single point on the graph. The data shown are pooled from the results of 6 individual experiments in which granulomas were measured at 8 wk and from 3 experiments involving measurements at 16 wk. Within each individual experiment performed, granuloma volumes were significantly larger in the B cell KO as compared with the WT mice. Lower panels: mean (± SEM) eosinophil composition of liver granulomas determined by microscopic examination. Percentage of eosinophils was calculated from microscopic analysis of the same granulomas analyzed for lesion size. No statistically significant difference was observed between the values obtained from WT and B cell KO mice.](JEM971870.f3){#F3}

![Photomicrographs of representative hepatic granulomas from WT control versus KO animals. The granulomas shown are from 8-wk (*A*) and 16-wk (*B*) infected C57BL/6J mice, and from 16-wk infected μMT animals (*C*) and 16-wk infected FcRγ KO mice (*D*). Original magnification of Giemsa stain, ×200.](JEM971870.f4){#F4}

![Increased liver fibrosis in *S. mansoni*--infected μMT mice. Tissue hydroxyproline levels were measured in individual animals at 8 (*left panel*) and 16 (*right panel*) wk after infection. Data shown are mean values (± SEM) for four to six mice per group from one representative experiment out of six performed at the acute phase and three assayed at the chronic phase. Differences shown to be statistically significant by analysis of covariance are indicated.](JEM971870.f5){#F5}

![Proliferative responses of μMT and WT splenocytes to SEA. Spleen cells (3 × 10^6^/ml) from individual 8-wk infected WT or B cell KO mice were cultured with the indicated concentrations of SEA and 3 d later \[^3^H\]TdR incorporation was measured after an overnight pulse (*left panel*). In the case of chronically (16-wk) infected mice, proliferation was assayed in response to a predetermined optimal dose (20 μg/ml) of SEA (*right panel*). Data shown are mean values (± SEM) of stimulation indices for each group of animals (*n* = 6--10).](JEM971870.f6){#F6}

![Comparison of cytokine secretion by mesenteric LN cells from infected μMT versus WT mice. Culture supernatants of mesenteric LN cells (2 × 10^6^/ml) pooled from four to six individual mice per group were assayed for the presence of IL-4, IL-5, IL-10, and IFN-γ after 72 h in vitro stimulation with medium, SEA, or plate-bound anti-CD3 Ab. The data shown are from WT (*black bars*) and B cell KO (*gray bars*) mice killed at 8 (acute) and 14 (chronic) wk after infection. Supernatants from both time points were analyzed in the same assay and compared to the same standard curve. Bars represent the mean ± SD of ELISA values for IL-5, IL-10, and IFN-γ and values from a CT.4S assay for IL-4. In the case of SEA-induced IL-4 responses at both 8 and 14 wk, the differences between the μMT and WT values were statistically significant (*P* \<0.001). The percentage of CD4^+^CD44^+^ cells (previously shown to represent the major population of SEA- responsive T lymphocytes; reference [@B31]) was determined to be comparable in the WT and μMT cell preparations (data not shown).](JEM971870.f7){#F7}

![Comparison of hepatic cytokine mRNA expression in infected μMT and WT animals. At 8 and 16 wk after infection, liver tissue from individual mice (n = 3--4 per group) were assayed for IL-4, IL-5, IL-10, and IL-13 mRNA expression by reverse transcriptase PCR. Values represent the mean fold increase (as a multiple of control value) ± SE over uninfected WT control liver mRNA expression.](JEM971870.f8){#F8}

![Augmented egg granuloma formation in livers of *S. mansoni*-- infected FcR γ chain KO mice. Upper panels: mean (± SEM) liver granuloma volumes of WT and FcRγ KO mice at 8 (*left panel*) and 16 (*right panel*) wk after infection. The data shown are pooled from three individual experiments in which both acute and chronic animals were analyzed, and each point represents the value for an individual mouse. Lower left panel: mean (± SEM) eosinophil composition of liver granulomas at 8 wk after infection. Lower right panel: tissue fibrosis (hydroxyproline) measured in two experiments at 16 wk. No significant differences between the WT and FcRγ KO mice were detected in lymphocyte proliferation, Th1/Th2 cytokine expression, or anti-SEA Ab titers in these experiments (data not shown).](JEM971870.f9){#F9}
